Neutron and high-energy x-ray diffraction measurements have been performed on multi-component 55SiO 2 ·10B 2 O 3 ·25Na 2 O·5BaO·ZrO 2 borosilicate host glass loaded with 30 wt% UO 3 . Both the traditional Fourier transformation technique and the reverse Monte Carlo simulation of the experimental data have been applied to get structural information. It was established that the basic network structure consists of tetrahedral SiO 4 units and of mixed tetrahedral BO 4 and trigonal BO 3 units, similar to the corresponding host glass. Slight changes have been observed in the oxygen surroundings of the Na and Zr modifier cations; both the Na-O and Zr-O distances decrease and a more compact short-range structure has been obtained compared to the host glass. For the U-O correlations two distinct peaks were resolved at 1.84 and 2.24Å, and for higher distances intermediate-range correlations were observed. Significant correlations have been revealed between U and the network former Si and B atoms. Uranium ions take part in the network forming, which may be the reason for the observed good glassy stability and hydrolytic properties.
Introduction
Multi-component alkali borosilicate and phosphate-based glasses are known as the most promising host materials for immobilizing high-level radioactive wastes, like U-, Puand Th-oxides [1] [2] [3] [4] [5] [6] [7] . In spite of their importance, relatively few structural investigations have been performed on uraniumloaded glasses [8] [9] [10] because of the large number of constituent elements, which may reach even 10-20 different components.
We have made successful attempts to prepare fivecomponent sodium borosilicate glasses with the general composition of (65 − x)SiO 2 ·xB 2 O 3 ·25Na 2 O·5BaO·5ZrO 2 , (x = 5-15 mol%), where SiO 2 and B 2 O 3 are strong network formers; Na 2 O serves as a network modifier; while BaO and ZrO 2 serve both as network modifier, glass and hydrolytic stabilizers. These glasses proved to be stable and capable of hosting uranium [11, 12] . Based on high momentum transfer neutron diffraction measurements and reverse Monte Carlo simulation of the experimental data we have reported a comprehensive structural study of the host glasses [13, 14] . For the study of uranium-containing glass, complementary xray diffraction measurement is essential in addition to neutron diffraction experiments. X-ray diffraction data are dominated by contributions from heavier elements (Ba, Zr, U), while neutron diffraction gives information mainly on the light elements (B, O, Si).
In this study we intend to explore structural information on the effect of uranium on the host glass by performing both neutron and x-ray diffraction experiments. Our aim is to compare the basic network structure of the host glass with that of the uranium-containing glassy network, and to characterize the atomic surroundings of uranium. In order to do this, simultaneous reverse Monte Carlo simulation of the two datasets is applied to generate reliable three-dimensional atomic configurations and to calculate the partial atomic pair correlation functions, nearest-neighbour distances and coordination number distributions.
Experimental details

Samples
The composition of the investigated multi-component glassy specimens is 55SiO 2 [15] . The specimens were synthesized by melting the previously homogenized powder mixtures at 1450
• C. The melted mixture was kept at the melting temperature for 2 h, during which the melt was periodically homogenized by mechanical stirring. Thereafter the melt was cooled to 1350
• C pouring temperature and kept there for 30 min. Finally the melt was quenched by pouring it onto a stainless steel plate.
The elemental composition was verified by prompt gamma activation analysis (PGAA) [16, 17] , the nominal and the actual measured compositions are tabulated in table 1, and the agreement is good. Powder samples were prepared by powder milling of the quenched glasses in an agate mill.
The samples proved to be fully amorphous; no crystalline phase was detected. For borosilicate glasses it is often a problem that the glass is hydrolytic and with time it becomes humid. As far as neutron diffraction and PGAA methods are sensitive tools for hydrogen detection, we have regularly checked the amorphous and the hydrolytic state of the glasses. After six years of preparation, it can be stated that the glasses possess good chemical and hydrolytic stability.
Neutron and x-ray diffraction experiments
Neutron diffraction (ND) measurements have been performed in a relatively broad momentum transfer range, Q =
0.4-50Å
−1 , combining the data measured by the two-axis 'PSD' diffractometer (λ 0 = 1.068Å) [18] at the 10 MW Budapest research reactor and by the time-of-flight 'NPDF' instrument [19] at the LANSCE pulsed neutron source. The powder specimens of about 3-4 g/each were filled in a cylindrical vanadium sample holder of 8 mm and 10 mm diameter for the two experiments, respectively. The structure factors, S(Q)s, were evaluated from the raw experimental data independently for the two types of measurements, using the programme packages available at the two facilities. The two sets of S(Q)s were obtained in the Q = 0.4-9.6Å interval by the least-squares method, and the average values of the two spectra were used for further data treatment. For Q < 4Å −1 the 'PSD' data and for Q > 8Å −1 the 'NPDF' data were used. The neutron S(Q) data were obtained with a good signal-to-noise ratio up to Q max = 30Å −1 for the B10 glass, while the UB10 glass was measured only by the 'PSD' diffractometer. Because of administration and financial problems the radioactive uranium-containing sample was not feasible to transfer from Budapest to the USA. Thus, S(Q) has been determined for the UB10 only in a rather limited Q range up to 9.7Å −1 .
The high-energy x-ray diffraction (XD) measurements were carried out at the BW5 experimental station [20] at HASYLAB, DESY. The powdered samples were filled into quartz capillary tubes of 2 mm in diameter (wall thickness of ∼0.02 mm). The energy of the radiation was 109.5 keV (λ 0 = 0.113Å). Raw data were corrected for detector dead time, background, polarization, absorption and variations in detector solid angle. The XD structure factor for the uraniumcontaining sample UB10 was obtained up to 24Å −1 , while for the B10 sample it was up to 15.7Å −1 . For higher Q values the experimental data proved to be noisy. The reason for the worse data quality for the B10 sample is the lack of heavy element scatterers, in contrast to UB10. Figure 1 presents the experimental Q[S(Q) − 1] for the B10 and UB10 samples for the two radiations. The overall run of the curves for the two radiations is fairly different, because of the differences in the weighting factors, w i j , of the partial structure factors, S i j (Q):
where c i , c j are the molar fractions of the components, b i , b j the coherent neutron and f (Q) i , f (Q) j the x-ray scattering amplitudes, and k is the number of elements in the sample. Note that the neutron scattering amplitude is constant [21] , while the x-ray scattering amplitude is Q-dependent [22] and for each atom in a somewhat different way. In order to compare the corresponding weighting factors for the two radiations, 
seen that the Si-O atom pairs have a significant contribution for both radiations, while the B-O plays a significant contribution only in the neutron experiment. The O-O contribution has a dominant weight in the neutron experiment, in contrast to the x-ray case, where it is much weaker. On the other hand, the uranium surroundings, as a heavy element, appear with a significant weight in the x-ray experiment. Taking into consideration all these characteristics, we can make some conclusions from the experimental total structure factors (see figure 1 ). The neutron S(Q)s are fairly similar for the B10 and UB10 samples, which suggests that the main characteristics of the network structure are rather similar in the two specimens.
On the other hand, the x-ray S(Q) of the UB10 sample differs significantly from the B10 one, due to the contribution of the heavy element U surroundings. Some qualitative statements for the local structure can be made from the corresponding atomic total reduced correlation functions, G(r ), calculated by Fourier transformation:
where Q max is the integration limit determined by the actual upper limit of the experiment and M(Q) is a modification function to reduce the artificial oscillations caused by the finite Q max truncation (for more details see our previous paper [14] ). The G(r )s are shown in figure 2. The B-O first-neighbour distance clearly appears at ∼1.4Å in the ND experiment performed on B10 due to the high resolution ( r = 2π
all G(r )s due to its relatively high weighting factor, and also indicating a well-defined O-Si-O network configuration of the glassy structure. For the UB10 sample two well-resolved peaks Table 2 . Several neutron and x-ray weighting factors, w i j (%), for the B10 and UB10 glasses. (Note: for completeness here we list all atom pairs not included in the table (Si-Si, Si-Na, Si-B, Si-Ba, Si-Zr, B-B, B-Ba, B-Zr, Na-Na, Na-Ba, Na-Zr, Ba-Ba, Ba-Zr, Zr-Zr), which are not important from the point of view of the present study.) ≈ 0.6Å), and also the considerably smaller U-O neutron weighting factor in comparison to the x-ray case (see table 2 ). The O-O first-neighbour distance appears at ∼2.6Å. Some other peaks appear at ∼2.1Å and ∼2.4Å; these will be discussed below, among the results obtained from the reverse Monte Carlo modelling (see section 4).
Reverse Monte Carlo modelling
The experimental S(Q) data have been simulated by the RMC method [23] using the software package [24] . The RMC minimizes the squared difference between the experimental S(Q) and the calculated one from a three-dimensional atomic configuration.
The RMC algorithm calculates the onedimensional partial atomic pair correlation functions g i j (r ), and they are inverse Fourier transformed to calculate the partial structure factors, S i j (Q):
where r max is the half edge-length of the simulation box of the RMC calculation. The actual computer configuration is modified by moving the atoms randomly until the calculated S(Q) (see equations (1)- (3)) agrees with the experimental data within the experimental errors. Moves are only accepted if they are in accordance with certain constraints (see below for the ones applied in this work).
For the RMC starting model a disordered atomic configuration was built up with a simulation box containing 5000 atoms with density data 0.073 and 0.08 atomsÅ −3 , and r max = 20.55 and 19.84Å for the B10 and UB10 glasses, respectively. In the RMC simulation procedure two types of constraints were used, the minimum interatomic distances between atom pairs (cutoff distances) and connectivity constraints. We have used connectivity constraints only for the two network former atoms, for the Si-O and B-O atom pairs. Based on the literature [25, 26] and our previous results ( [13, 14] and references therein) it is reasonable to suppose that silicon has a tetrahedral fourfold oxygen coordination (SiO 4 ), whereas boron is surrounded both by threefold (BO 3 ) and fourfold (BO 4 )-coordinated oxygen atoms. Each Si atom was forced to be surrounded by four oxygen neighbours between 1.5 and 1.9Å and B atoms were forced to have three or four oxygen neighbours between 0.9 and 1.9Å. These constraints have been realized for Si-O within ∼90%, the residual 10% contains three, two and one neighbours, which is the error of the applied simulation. For B-O the connectivity constraints have been fulfilled fairly well, by ∼98%; only 2% of the neighbours were two or one atoms. For the starting cutoff distances we have used the characteristic values obtained from the total G(r )s (see figure 2 ) and the data obtained from 
Results and discussion
The basic network structure of the B10 and UB10 glasses proved to be fairly similar. The results for several partial atomic pair correlations and coordination number distributions obtained from the RMC simulation are displayed in figures 4 and 5, while the interatomic distances and average coordination numbers are gathered in tables 3 and 4. For Si-O a covalent bond length at 1.60Å was revealed for the B10 glass and 1.58Å for UB10, showing an excellent agreement within the limit of error. Similarly, the oxygen coordination numbers around Si atoms take a very conformable value, which for B10 is 3.8 and for UB10 3.9 atoms, both near to the fourfold tetrahedral configuration. These findings suggest that the Si-O network consisting of SiO 4 units is highly stable in both glasses. For the B-O network we have established two distinct first-neighbour distances at 1.40 and 1.60Å for the B10 glass in agreement with our previous high resolution neutron diffraction study [14] , while from the present study on UB10 only one broad peak at 1.50Å could be determined. Taking into consideration the low resolution of the present ND experiment, the agreement is reasonable. For both glasses 
Interatomic distances, r i j (Å)
Atom pairs three-and fourfold oxygen-coordinated boron atoms have been revealed: however, in the uranium-containing sample the rate of the tetrahedral BO 4 units to the trigonal BO 3 units is somewhat higher than in the B10 glass (see figure 5(b) ), resulting in an average B-O coordination number of 3.1 and 3.5 atoms for B10 and UB10, respectively. This may be due to the more compact structure of the uranium-containing glass. Our finding, however, differs from the results reported in [6] . Based on the NMR experiment, it was found that the BO 4 units get converted to BO 3 units with increasing uranium.
The disagreement may be due to the different compositions and/or preparation techniques (melting temperature) of the investigated borosilicate glasses in the two studies.
Concerning the modifier cations, we have observed slight changes both for the Na-O and Zr-O distributions, comparing the two glasses. In the B10 host glass two well-defined peaks have been revealed for the Na-O at 2.2Å and 2.6Å, and for the Zr-O at 2.0Å and 2.6Å, while in the UB10 glass both the Zr-O and Na-O distributions form a rather broad peak centred at 2.05Å and at 2.1Å, respectively. The Na-O coordination number is ∼4 atoms for both glasses, while the Zr-O coordination number is 4.5 atoms for UB10, which is significantly more than the 2.8 atoms revealed for the B10 glass. Note that the error is rather high, around 20%, due to the overlapping character of Na-O and Zr-O distributions. For the Ba-O distribution we have obtained a characteristic first- neighbour distribution centred at 2.7Å. The O-O distribution is shifted to somewhat higher r value in the case of UB10 glass: however, this may be an artificial effect, because the cutoff distance had to be increased from 2.15 to 2.47Å, otherwise artificial peaks did appear. The O-O coordination number distribution for the two glasses is similar, with an average coordination number of 6 atoms.
The uranium surroundings have been obtained with a great stability from the RMC calculations. In particular, the U-O pair distribution was achieved with a very good reproducibility, due to its relatively high 16% weight in the XD experiment (see table 2 ). Figure 6 displays g U−O (r ), where two well-resolved peaks appear at relatively short distances, centred at U-O1 = 1.84Å and U-O2 = 2.24Å, in good agreement with our interpretation made from the x-ray total G(r ) function in figure 2 (see section 2.2). The firstneighbour peak positions were possible to determine with a relatively high accuracy, because they do not overlap with other atomic pair distributions. The corresponding U-O1 and U-O2 coordination number distributions have been calculated by the RMC algorithm, as they are displayed in figure 7 , resulting in average numbers of CN U−O1 = 2.8 atoms (interval 1.65-2.03Å) and CN U−O2 = 2.7 atoms (interval 2.03-2.65Å). The total first-neighbour U-O coordination number is 5.5 atoms. It is noteworthy that significant U-O correlations may be observed at higher r values (see figure 6 ) at ∼4.3 and ∼6.4Å, indicating intermediate-range correlations in the second, and even in the third, coordination spheres. This is consistent with the finding that uranium atoms are in correlation with the network former Si and B atoms, and with the modifier cations Na and Zr, as well, as is displayed in figure 8 . Although these correlation functions are rather noisy because of the relatively low number of contributing atoms in the RMC simulation box, clear correlations may be observed for U-Si at ∼3.4Å, for U-B at a somewhat shorter distance at ∼3Å, and for the modifier cations at higher distance, U-Na at ∼3.7Å and U-Zr at ∼3.6Å. It is interesting to note that a characteristic correlation function has been obtained for U-B despite its very low, less than 1%, weighting factor (see table 2 ). This is a fingerprint for strong atomic correlations.
It is widely accepted that uranium oxides occur in different valence states, as U(VI), U(V) and U(IV) ( [5] and references therein). For UO 3 and uranium-containing borosilicates it has been reported [5, 7, 10, [27] [28] [29] [30] that U(VI) prefers to form uranyl [UO 2 ]
2+ ions with a short U-O axial ≈ 1.8Å bond with two oxygen atoms and a somewhat longer U-O equatorial ≈ 2.2-2.6Å bond with 4-6 oxygen atoms. In U 3 O 8 and other crystalline uranium compounds with U(V) valence, there are also two characteristic distances, U-O I ≈ 1.8Å bond with one oxygen neighbour and U-O II ≈ 2.26Å bond with three oxygen neighbours [5] . Thus, the number of average oxygen atoms in the uranium first-neighbour coordination sphere is 6-8 for U(VI), while considerably less, only four oxygen atoms, for U(V). In our case, the RMC modelling resulted in an table 4 for the interval of calculation), which is significantly less than expected for U(VI), but considerably more than for U(V). Therefore, we suppose that a mixed U(VI) and U(V) valence state may be present in our material, with a dominant content of U(VI). It should be emphasized that RMC modelling leads to a 'most random' atomic configuration, which is consistent with experimental data. This is a possible explanation why we have obtained equal coordination numbers 2.8 and 2.7 atoms at U-O1 and U-O2 distances, respectively. As the next step of our work, we plan to investigate the effect of U-O connectivity constraints in RMC modelling.
The intermediate-range order of the U-O pair correlation function suggests that uranium ions take part as network former or partly as network former, and this leads to the compact glassy structure possessing high chemical and hydrolytic stability.
Conclusions
We have performed ND and high-energy XD measurements on a multi-component borosilicate host glass 55SiO 2 ·10B 2 O 3 · 25Na 2 O·5BaO·5ZrO 2 and the same composition loaded with 30 wt% UO 3 in order to get structural information on the basic network structure and on the uranium surroundings. The S(Q) datasets were simulated by RMC modelling to obtain a possible three-dimensional atomic configuration consistent with the experimental data.
It was established that the basic network structure consists of tetrahedral SiO 4 units and of mixed tetrahedral BO 4 and trigonal BO 3 units, being rather similar to the network structure of the corresponding host glass as reported in our previous study [14] . Slight changes, however, have been observed in the oxygen surroundings of the Na and Zr cation modifier ions. Both the Na-O and Zr-O distances decrease and a more compact short range structure has been obtained compared to the host glass.
For the U-O correlations two distinct peaks were resolved at 1.84 and 2.24Å, and for higher distances well-pronounced correlations are present at ∼4.3Å and at ∼6.4Å. Furthermore, significant atomic pair correlations have been revealed between uranium and the network former Si and B atoms centred at 3.4Å and 3Å, respectively. From these observations we may conclude that uranium ions take part in the network forming. This may be the reason for the observed good glassy stability and hydrolytic properties.
